The low-temperature softening of the TO1 phonon of SrTiO 3 (STO), which determines its incipient ferroelectricity, is known to be partially hindered either in the bulk under strong electric fields, or in thin STO films. Here we show, by terahertz (THz) reflectivity measurements, that a similar effect is produced in bulk STO and at zero static field by ultrathin metallic films on its surface, like a 10-nm-thick film of SrRuO 3 (SRO), or the two-dimensional electron system (2DES) present at the interface with LaAlO 3 . In SRO/STO, the observed hardening is well explained by the depolarizing action of the SRO free electrons which follow adiabatically the ion motion. In LAO/STO, a weaker TO1 hardening could be detected by patterning the 2DES in the form of microstripes and using a polarized THz field parallel ( E ) or orthogonal ( E ⊥ ) to the stripes. At 10 K, when TO1 is excited together with the free electrons by E , its absorbance is harder by about 7 cm −1 than that measured when TO1 is coupled to the plasmon-polariton confined within the stripes, being excited by E ⊥ .
I. INTRODUCTION
The phenomenon of incipient ferroelectricity [1] in SrTiO 3 (STO) has been widely investigated in the past decades, both for its intrinsic interest, and for the possible applications to oxide-based electronic devices [2, 3] . With a cubic structure (space group O h ) which becomes tetragonal (D 4h ) below [4] T c = 105 K, bulk STO would enter a ferroelectric phase at [5] T c 37 K if the transition were not prevented by the quantum fluctuations of the ion motion [6] . For this reason STO is also called a "quantum paraelectric" material. Its relative permittivity, namely, the real part 1 (0) of the dielectric function˜ (ω) at ω = 0, increases from about 300 at 300 K to more than 20 000, in best samples, at 4 K [7] . Correspondingly, the center-zone infrared frequency T O1 of the lowest-energy transverse mode (TO1) (i.e., the Ti-O cage anharmonic vibration with respect to the Sr lattice) decreases [8] from 90 cm −1 at 300 K to [9] 18 cm −1 at 5 K [10] in agreement with the Lyddane-Sachs-Teller (LST) relation
where ∞ is 1 (ω) at ω T Oj , and n = 3 above T c , n = 4 below T c . Indeed, both T O2 and T O3 , as well as the longitudinal phonon frequencies LOj , are weakly dependent on temperature. The TO1 softening is sensitive to an external static electric field E 0 , applied to STO by a metal electrode: in bulk STO at 90 K, a field of 40 kV/cm increased T O1 by about 2 cm −1 with respect to zero field, for E 0 orthogonal to the STO surface, by 11 cm −1 for E 0 parallel to the surface [12] . This effect was attributed to the depolarizing action of E 0 , which was shown to reduce the anharmonicity of the ionic potential [12] . In another experiment [13] , aimed at confirming the validity of Eq. (1) in thin STO films, the authors interposed between a 2-μm-thick STO film and the STO substrate a 0.35-μm-thick film of SrRuO 3 (SRO), to shield the substrate from terahertz (THz) radiation. They observed that T O1 hardened by more than 40 cm −1 at low T , and attributed this huge hardening, recently confirmed by further experiments [14] , to strain and/or crystal defects in the STO film. We wondered instead if the SRO might have a role in this intriguing effect, namely if, and how, a thin metal layer may affect the anharmonicity of the ionic motion, and therefore the dielectric properties of STO, even in the absence of static fields. We have then measured in the THz range the reflectivity of bulk STO both under a film of SRO, so thin (10 nm) as to be semitransparent to THz radiation, and under films of LaAlO 3 (LAO), with and without the two-dimensional electron system (2DES) which spontaneously forms at the interface with STO [15, 16] when the LAO thickness d is larger than d c = 4 unit cells. The resulting 2DES has the same thickness as SRO (≈10 nm) [17] . Both in SRO/STO and in LAO/STO we have measured an appreciable hardening of the TO1 mode, but in the case of 2DES the effect is weaker than under a conventional metal film and its detection required a more refined experimental procedure.
II. EXPERIMENT
Four films were deposited on crystalline, TiO 2 terminated, STO substrates by pulsed laser deposition (PLD) (see Table I ). The three LaAlO 3 films (S1, S2, S4) were grown [18] at a substrate temperature of 800
• C and under an oxygen pressure of 10 −4 mbar, and further annealed for one hour at 600
• C and 500 mbar. They all were crystalline, had a thickness of 10 cells (d 4 nm) and a conducting 2DES at the interface. The sheet resistance of one of them is shown in Fig. 1 . Sample S1 was then exposed to an Ar + beam [18] for 5 min at a beam energy of 150 eV, in order to erase the 2DES, while another one (S2) was kept intact. The 2DES of the third LAO/STO sample (S4) was patterned by the ion beam in the form of conducting stripes of width W = 2.4 μm and period P = 4.0 μm, separated by insulating stripes. Figure 2 shows the image, taken with an atomic force microscope (AFM), of sample S4 (a), together with its height profile (b) along the line shown in (a). The SRO/STO sample S3 was instead obtained by depositing on strontium titanate a 10-nm-thick metallic film of SrRuO 3 (SRO). As shown in Fig. 3 , this film exhibited a ferromagnetic transition at 140 K and a metallic dc resistivity ρ which attained 8 × 10
cm at 10 K. The reflectivity R(ω) of all films was measured at exactly normal incidence [19] by a Michelson interferometer and a bolometer working at 4.2 K, also using the infrared synchrotron radiation of the IRIS beamline at BESSY-II. The samples were mounted on the cold finger of a He-flow cryostat, and thermoregulated within ±2 K. The reference was an Au mirror aligned parallel to the sample by a laser beam. The reproducibility in R(ω) was typically ±0.5% rms [19] .
III. RESULTS AND DISCUSSION

A. Dielectric function of the LAO/STO system
The normal-incidence reflectivity of sample S1 (LAO/STO without 2DES) is shown for reference in Fig. 4(a) , and that of S2 (LAO/STO with 2DES) is reported in Fig. 4(b) . No spectral feature that might be attributed to the 4-nm-thick LAO film is observed in the R(ω) of S1 and S2. One can distinguish instead, besides the strong contributions of the TO1 and TO2 modes of STO (at 87 cm −1 and 173 cm −1 , respectively, at 300 K), the weak phonon TO4 which appears below T c at 437 cm −1 . In both panels, the increase in the low-frequency R(ω) for T → 0, same as that reported in the literature [9] for bare STO, is caused by the TO1 softening. We modeled the complex dielectric function by the usual expression for STO [20, 21] 
Here j and j are the central frequency and width of the jth longitudinal (LO) or transverse (TO) phonon, respectively. Once an analytic form for (ω) is available, one can calculate the real and imaginary parts of the complex refraction index [22] n(ω) = which are finally inserted into the expression for the normalincidence reflectivity of a semi-infinite medium
In doing so, we have assumed (i) that the LAO layer is transparent and provides no additional phase shift to the reflected wave and (ii) that the STO dielectric function is homogeneous within the penetration depth of the radiation in the sample, λ p ∼ 1 μm [17] . Equation (4) was fit to the experimental data using j and j (j = 1,2,3) as free parameters; below T c we introduced a fourth LO-TO pair. An example of fit to data is reported in Fig. 4(c) . The resulting values of the central frequencies and widths of the LO and TO modes are reported in Table II . Figure 5 shows the contribution to the optical conductivity of the soft mode TO1 of bulk STO in the LAO/STO sample S1. Therein, both the oscillator strength and the width of TO1 are virtually independent of T , while its peak frequency T O1 softens from 87 cm −1 at 300 K to 20 cm −1 at 10 K, in agreement within errors with previous determinations in bare STO [9] . Therefore, the normal-incidence reflectivity of LAO/STO can be hardly distinguished from that of bare STO. Moreover, no clear and reproducible difference could be obtained between the normal-incidence reflectivities of samples S1 and S2. Therefore, in order to detect a possible effect of the 2DES LO1  TO1  LO2  TO2  LO3  TO3  LO4  TO4  T (K) , , on the TO1 phonon softening, more refined measurements were necessary. They will be described in Sec. III D.
B. Optical conductivity of the SRO/STO system
Figure 6(a) shows the reflectivity of the SRO/STO sample S3, where both the Drude-like absorption of its free carriers, and their screening effect on the STO phonons, are well evident. As the effect of screening is better understood in terms of the optical conductivity, we discuss our results in terms of this quantity instead of the dielectric function as for LAO/STO. Therefore, in order to obtain the σ (ω) of STO in this case, we considered multiple reflections in the double layer made by a metallic film (SRO) superimposed to a bulk insulator (STO), both of which are interfaced with a vacuum. The overall reflectivity was therefore written as [22] 
In Eq. (5), r is the Fresnel reflection coefficient at the vacuum-SRO (subscript m), SRO-STO (mi), and STO-vacuum (i) interface; δ is the optical retardation of the electric field when it propagates through the metallic film (subscript m) and through STO (i). The coefficients δ and r are defined through the thickness d m(i) of SRO (STO), and through their refractive indexes n m (ω) and n i (ω). The former one was taken from Ref. [23] , the latter one from the dielectric function i (ω), once modeled by the Drude-Lorentz expression
A least-square procedure applied to Eqs. (5) and (6) provided the best values for S j , j , and j (j = 1, 2, 3) for SRO/STO. Examples of such fits are reported In Fig. 6(a) . A reliable value for the thickness of the conducting layer (d 7 nm) was also obtained. The central frequencies and widths of the first three TO phonons are reported in Table III . In SRO/STO, the weak TO4 mode is fully shielded.
As one can see in Fig. 6(b) , which shows the line shapes of TO1 at different temperatures, at 10 K the TO1 phonon peak is much broader, and the peak frequency is appreciably higher, than for the STO covered by an insulating layer of Fig. 5 . In SRO/STO at 10 K, T O1 = 34 cm −1 , corresponding to a hardening of 14 cm −1 with respect to bare STO (compare Table III with Table II ). Such a low-temperature hardening of TO1 in the absence of a static field was not reported before in STO crystals, possibly because the metal electrodes were too thick to be semitransparent in the terahertz range. This effect is therefore novel for bulk STO under E 0 = 0, and its extent is comparable with that observed in STO crystals under a static field E 0 as high as 40 kV/cm parallel to the surface [12] . Notice that the electric field amplitude associated with both the blackbody and synchrotron IR radiation used in the present experiment is negligible, being lower than the E 0 of Ref. [12] by several orders of magnitude. The change observed here in the TO1 frequency, and consequently in the STO permittivity through Eq. (1), points toward the existence of a dynamic depolarizing field E dep close to the SRO/STO interface. At variance with the static field of Ref. [12] , here E dep fluctuates around T O1 , as it is produced by the free electrons of SRO which follow adiabatically the anharmonic TO1 vibration. At any time, a dipole moment opposite to that within STO thus appears. It is parallel to the surface like that associated with the Ti-O cage motion, which is excited by the radiation field E(ω) parallel to the interface. Therefore, the electron displacements have a high depolarization efficiency on the underlying STO planes. Here, there is a similarity with the static depolarization, which is more efficient for external fields parallel to the STO surface [12] . We infer from our data that the dynamic E dep lowers the relative weight of the anharmonic terms in the interatomic potential, making the resulting potential well somewhat closer to that of a harmonic mode. This effect increases the TO1 phonon frequency in the STO planes closer to the interface with the metal, which experience a stronger depolarizing field. In order to check if this model may quantitatively explain our observations, we have adapted to the present case the approach of Zhou and Newns [5] , who calculated the effective permittivity 1 (0,z) of a generic ferroelectric between two metal electrodes, as a function of the distance z from the metal surface, in the absence of external fields. They found that 1 (0,z) grows from very small values at z 0, up to its bulk value (for large z), according to [5] 1 (0,z)
In STO, for the parameters T 0 , T 1 , and λ, the authors report 2060 K, 1.01 × 10 5 K, and 0.33 ÷ 1.0 nm −1 , respectively. As STO never becomes ferroelectric, we can assume T c = 0 thus eliminating the divergence that would occur in a true ferroelectric at a critical thickness z c . With the above values of T 0 and T 1 , and with λ = 0.5 nm −1 we obtain the curves reported in Fig. 7(a) . Therein, both at 300 K and 10 K, 1 (0,z) tends asymptotically to values (330 and 6500, respectively) in excellent agreement with those extracted from the reflectivity of the LAO/STO sample S1 [see Fig. 4(b) ], which is in fact equivalent to bare STO. According to Eq. (1), any STO thin layer at z will thus contribute to the observed conductivity with a TO1 peak at
In the right member of Eq. (8), 1 (0,z) is that in Fig. 7(a) , ∞ = 5.6, and the frequencies are taken from Table II . The prediction of Eq. (8) is plotted in Fig. 7(b) , which shows how the TO1 frequency increases when approaching the interface. The divergence for z → 0 is interrupted at the highest T O1 (z) observed in STO at high T (about 90 cm for SRO/STO in Fig. 6(b) . By integrating on z Eq. (8), up to the penetration depth of the THz radiation around T O1 at 10 K (λ p = 250 nm) one obtains T O1 = 35 cm −1 , in excellent agreement with the best-fit peak frequency at 10 K in Table III (34 cm −1 ).
D. Detection of phonon hardening in microstriped LAO/STO
By taking into account what we learned on the interaction between STO and a thin film containing a conventional threedimensional electron system, we can now reconsider the effect of the 2DES on the vibrational dynamics of STO. In principle, one could expect from the 2DES a depolarization effect similar to that generated by the metal thin film. However, such effect could not be observed in the reflectivity of Fig. 4(b) . Possible reasons are a lower total number of electrons in the 2DES and/or the anisotropy of its conductivity tensor. With the aim of revealing this weaker effect, we increased the sensitivity of our experiment by using a linear dichroic setup on the striped sample S4. In the patterned sample one can decompose the dielectric response function into two independent components, the one probed by E(ω) parallel to the stripes ( E ) and that probed by E(ω) orthogonal to the stripes ( E ⊥ ). The linear dichroic intensity ratio I ⊥ /I is shown in Fig. 8 at 200 K and 10 K in the THz range. At the highest temperature, I ⊥ /I is independent of frequency within the experimental noise, whose amplitude is about 0.5% rms. This indicates that at 200 K both the TO1 and TO2 phonon frequencies, and their line shapes, are independent of the polarization. At 10 K instead, two sharp features appear at the TO1 and TO2 frequencies, demonstrating that both are blueshifted in I with respect to those measured in I ⊥ . A fit to I ⊥ /I based on Eq. (2) (dashed line in Fig. 8 ) provides a shift of 7 cm −1 for TO1, of 3 cm
for TO2. This result, which has been verified by a test reported in the Supplemental Material [19] , can be interpreted in the following way. It has been shown [24] [25] [26] that the THz conductivity of a 2DES patterned into stripes, or ribbons, of width W much smaller than both their length and the radiation wavelength, can be represented by a Drude peak when probed by E , and by a Lorentzian peak when probed by E ⊥ . The latter one has the same intensity and width as the Drude peak and is centered [24, 27] at the standing-wave frequency ω P of the confined plasmon polariton, given by
where N 2D is the charge density, m * the electron effective mass, and¯ ∞ is an average, high-frequency value of 1 (ω). In the present case, W = 2.4 μm, m * = 0.9m e [28] , and [17] N 2D 10 13 cm −2 , while for¯ ∞ we averaged the ∞ = 5.6 of STO with the dielectric constant of a vacuum, as the plasmon field extends in both half-spaces above and below the 2DES. We thus obtained ω P = 93 cm −1 , by neglecting the small contribution to 1 (ω) of the weak phonons at frequencies higher than ω P . The resulting conductivity of the 2DES σ (ω), where for both the Drude and Lorentz peaks we assumed a 25 cm −1 linewidth compatible with mobility values measured [17] at low T , is shown in Fig. 9(a) . Therein, the Drude peak in σ (ω) has a strong spectral weight in the soft-mode frequency range, suggesting that its free carriers can produce the dynamic depolarization field which, similar to those of SRO, increases the TO1 frequency, and decreases the permittivity. A reconstruction of the phonon mode conductivity in LAO/STO, shifted by 7 cm −1 with respect to that measured with E ⊥ (dotted line) and consistent with the fit to the ratio I ⊥ /I shown in Fig. 8 , is drawn by a solid line in Fig. 9(b) . In the same figure, the SRO/STO mode TO1 is reported once again for comparison (long-dashed line). On the contrary, the plasma oscillations that dominate σ ⊥ (ω) display their maximum spectral weight at a frequency higher than any possible value of T O1 [dash-dotted line in Fig. 9(a) ] and their overlap with TO1 is negligible. They are therefore unable to affect the softening of TO1, which in the polarization orthogonal to the stripes proceeds like in bare STO. Finally, the fact that also TO2 experiences a small shift in Fig. 8 can be understood by considering that the strong anharmonic potential of STO mixes the TO1 mode with the other ones.
IV. CONCLUSION
In conclusion, our terahertz reflectivity measurements on SrTiO 3 crystals interfaced both with a 10-nm-thick conventional metal (SrRuO 3 ) and with the comparably thick 2DES created by a film of LaAlO 3 have shown, in both systems, a measurable hardening of the TO1 soft mode of STO, at low temperature, with respect to bare STO. This effect is novel for STO in the absence of static external fields, as it affects bulk STO at least within the THz penetration depth (λ p ∼ 250 nm in SRO/STO, ∼1 μm in LAO/STO). The observed hardening can be attributed to the depolarization action of the free electrons at or above the STO surface, which follow adiabatically the displacements of Ti-O cage with respect to the Sr lattice and thus partially shield the soft mode. In the case of SRO/STO this assumption allowed us to obtain, by adapting previous calculations of Zhou and Newns, a quantitative agreement with data. In the case of LAO/STO, a smaller phonon shift could be detected only in a sample where the 2DES was patterned in the form of stripes by selective ion etching. This allowed us to observe, in a linear dichroic experiment, the different behavior of TO1 when it is coupled to free electrons (THz field parallel to the stripes) or to plasmon polaritons confined within the stripes (THz field orthogonal to them). We thus also obtained indirect evidence of plasmon polaritons in the 2DES of LAO/STO, which can hardly be observed directly due to the strong absorption of the infrared-active modes in strontium titanate.
